A steering control strategy based on bilateral torque fuzzy compensation for dual electric tracked vehicle is proposed in this paper. After the dynamic analysis of tracked vehicles, the mapping relationship between acceleration signal, braking signal, steering signal and bilateral motor torque is established. According to different driving states, the steering wheel real-time rotation angle and its change rate are interpreted as the motor torque compensation coefficients K1 and K2 by fuzzy algorithm to achieve quick response of driving intention. The steering control model of the electric tracked vehicle is built, and the HILS (hardware in loop simulation) platform is constructed with dSPACE. The HILS result shows that, by torque fuzzy compensation strategy, steering sensitivity and controllability could get better improvement compared with direct torque control strategy.
Introduction
As the future military vehicle technology direction, electric tracked vehicles have been included in the future armored vehicle development program in United States and UK [1] [2] [3] . Dual motor independent drive structure, which has the advantages of simple structure and high transmission efficiency, is the most widely used scheme in electric tracked vehicles design, such as: USA M113A3, Sweden B-13 and Germany "the weasel" [4] [5] . But because there is no mechanical connection between the two motors, steering process mainly depends on differential velocity, the problems of slow dynamic response and poor steering controllability have always existed.
For the problem of steering stability, a variety of methods have been proposed by scholars, which could be divided into two categories: motor torque control and motor speed control [6] [7] [8] [9] [10] . As for motor speed control, due to the large change of the motor load, closed loop control is needed, and different algorithms could be used to adjust the motors in real time. The control algorithms are various and mainly depend on the mathematical model. For motor torque control, the operating signal of the driver correspond directly to the output torque of the motors. Ignoring the influence of the external environment, the vehicle speed and steering angular velocity after overcoming the resistance are completely decided by the driver. The direct torque control strategy is simple and direct, and has been applied in practice [11] . However, in this method, the steering wheel angle change rate have not been considered. When the vehicle is turning sharply or returning quickly, it cannot follow the driver's intention well.
For the above problems, based on direct torque control strategy, the bilateral torque fuzzy compensation control strategy is proposed in this paper. Using the fuzzy algorithm, according to the driving condition, steering wheel rotation angle and its change rate are converted to the compensation coefficient of bilateral motor torque. The steering control model of the whole vehicle is built with Simulink, HILS platform is constructed with dSPACE, and the experimental study is carried out under typical working condition.
Steering dynamics analysis of dual electric tracked vehicle
The structure of dual electric tracked vehicle is shown in Figure 1 , which mainly includes seven parts: general controller, engine-generator set, rectifier, battery pack, DC/DC converters, driving motors and motor controllers. For the convenience of analysis, it's assumed that both the attachment coefficient and the resistance coefficient of ground are constant, the vertical load distribution of the inside and outside tracks is uniform, and the slip or skid of the tracks is ignored. The steering diagram is shown in Figure 2 . With the inside driving force F 1 and outside driving force F 2 , the vehicle overcomes inside resistance f 1 , outside resistance f 2 and steering resistance torque M µ , then turns at angular speed ω. L is the connection length of the track, B is the center distance of the tracks, V 1 and V 2 are the speed of the inside and outside tracks respectively, V 0 is the longitudinal average speed of vehicle. In the absence of air resistance ,the equation formulas can be established as formula (1):
WhereV 0 is the longitudinal average acceleration,ω is the acceleration of steering angle, m is the vehicle mass, I z is the vehicle moment of inertia around point O , f is the track rolling friction coefficient, µ is the steering resistance coefficient. According to the empirical formula of A.O.H [12] , µ is expressed as:
Where R is the turning radius, and R = V 0 /ω . Since the driving force is provided by the bilateral motors,F 1 and F 2 can be expressed as formula (3):
Where i 0 is the side drive ratio, T 1 is the outside motor torque,T 2 is the inside motor torque , r is the wheel radius, η 1 is the transmission efficiency from motor to track, and η 2 is the track running efficiency. Using empirical formula,η 2 can be expressed as formula (4):
From the formula (1) ∼ (4), it can be seen that when the tracked vehicle turns, the sum and difference of the bilateral motor torque determine the longitudinal velocity and yaw velocity respectively. The steering control strategy needs to meet the requirements: when the vehicle turns, the outside motor torque should always be greater than the inside one. When the vehicle returns, the outside motor torque should always be smaller than the inside one. At the same time, the greater the steering wheel angle, the bigger torque difference between the inside motor and outside motor. 
Torque fuzzy compensation control strategy
The steering process of tracked vehicles usually includes three stages: transient steering, stable steering and transient return. In the process of transient steering and transient return, steering wheel angle changes rapidly in a short time. For the former, the turning radius changes from infinity to a small value. For the latter, the turning radius changes from a small value to infinity. In the process of stable steering, the wheel angle, yaw rate and turning radius are unchanged. In order to improve vehicle handling comfort and steering sensitivity, the transient steering time and transient return time should be minimized so that the vehicle could enter to stable steering state or straight-line state as soon as possible. Figure 3 is the flow chart of torque fuzzy compensation control strategy. First, the driver's operation signal is collected, and the required torque of two motors is preliminary calculated by using direct torque control strategy. Then, the vehicle state is judged by ψ. Ifψ = 1 , indicating the vehicle is in straight-line state, at this time the compensation coefficients:k1 = k2 = 1.If ψ 1 , indicating the vehicle is turning, k1 and k2 should be determined by the fuzzy controller 1 or fuzzy controller 2 based on the value of ξ . Finally, k1 and k2 are used to compensate the torque value calculated by direct torque control strategy, so as to obtain the target torque.
3 The acceleration or braking signal ξ , which is shown in Figure 4 , is used to adjust the bilateral motors simultaneously, and it's defined as formula (5):
Where δ , δ 0 , δ max are real-time angular displacement, free travel angle displacement and maximum travel angle displacement of the acceleration pedal or brake pedal. k is the driving factor, when the vehicle is moving forward, k = 1 , when the vehicle is braking, k = −1 .
The steering wheel signal, which is shown in Figure 5 , is used to adjust the torque of a single motor to make the sum and difference of bilateral motor torque have a wider range. The steering wheel signal determines the turning radius. For the left steering principle is same as the right steering principle, take the right steering operation as an example, the steering wheel signal is defined as formula (6):
Where λ, λ 0 , λ 2 are real-time rotation angle, free travel rotation angle, and maximum travel rotation angle of the steering wheel, λ 1 is the steering wheel rotation angle when a single motor driving. ψ ∈ [−1, 1] , with the increase of the rotation angle, it gradually turns from 1 to -1, realizing the adjustment of bilateral motors with different driving states.
3.2 The calculation of direct torque control strategy The steering process requires close coordination between the accelerator pedal or the brake pedal and the steering wheel. The control process is complex which requires further consideration.
Firstly, the acceleration condition is considered, at this time ξ ∈ [0, 1] . Assume that the speed-torque characteristic curve of the two motors are the same, as shown in Figure 6 , at the same speed, the maximum drive torque of the motor is equal to the maximum braking torque. n 1 and n 2 respectively indicate the speed of outside motor and inside motor, T max (n) is the maximum motor torque at speed n . As seen in Figure 6 , n 1 > n 2 and T max (n 1 ) < T max (n 2 ), the torque difference between the two motors can be expressed by formula (7):
Where T 1 and T 2 are the demand torque of the two motors. However, when ψ ∈ [0, 1] , there may be the situation T 1 − T 2 ≤ 0. Therefore, it is necessary to revise the torque of the motors, T 1 and T 2 can be expressed as:
When ψ ∈ [−1, 0], in order to form a bigger torque difference and make full use of the braking ability of the inside motor, the demand torque of the motors can be expressed as:
When the vehicle returns, the inside motor torque should be smaller than outside motor torque, and Figure 7 is a schematic diagram of the motor speed and torque during return process. The required torque of the motors can be expressed as: Similarly, for the braking condition, the demand torque expression can be derived by the same method. The vehicle steering conditions are divided into three categories: accelerated large radius steering, accelerated small radius steering and brake steering. The vehicle return conditions are also divided into three categories: accelerated return, braking large radius return and braking small radius return. Using the direct torque control strategy, T 1 and T 2 can be obtained, the specific methods of calculation are shown in Table 1 and Table 2 .
The direct torque control strategy can be implemented by Matlab/Stateflow module, as shown in Figure  8 . Using the finite-state machine theory, the state transition between different operating conditions can be accomplished by different restrictions and execution functions [13] [14] [15] . (1), it can be concluded that when the vehicle is turning, the transient steering time t can be represented by the formula (11):
Where ω 0 is the angular velocity of stable steering. According to the formula (3), appropriately increasing the outside motor torque and reducing the inside motor torque could reduce the transient steering time, similarly, properly reducing the outside motor torque and increasing the inside motor torque could reduce the transient return time. In order to achieve the above goals, the fuzzy controller is used to compensate the torque of bilateral motors. Fuzzy controller has good robustness, and it's suitable for dealing with nonlinear and uncertain problems, it is widely used in various control systems [16] [17] [18] . The Mamdani fuzzy controller with double inputs and double outputs is adopted in this paper, the steering wheel real-time rotation angle λ and its change rate dλ are selected as input variables. λ has four fuzzy subsets: S,MS,MB,B, and its domain is [0. In the process of torque compensation, the following principles should be noted: When λ becomes smaller and dλ becomes larger, indicating the driver has a quick steering intention, the outside motor torque should be increased and the inside motor torque should be reduced.When λ becomes larger and dλ becomes smaller, indicating the driver has a quick return intention, the outside motor torque should be reduced and the inside motor torque should be increased.When dλ is zero, the compensation should be weakened so that the torque of both motors can be restored to the steady-state value.
As the motor torque calculation methods in acceleration and braking condition are different, the torque compensation is achieved with two fuzzy controllers. By using the rule form of "IF λ is · · · AND dλ is · · · , then k1 is · · · and k2 is · · · ", 40 fuzzy rules are established as shown in Table 3 and Table 4 . 
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The centroid method is adopted in the precise process of k1 and k2 , the required torque of the two motors can be expressed as: The steering control model of electric tracked vehicle is based on MATLAB/Simulink, which is mainly made up of a driver model, a steering control strategy model, two motor models, a vehicle dynamic model and a vehicle trajectory model, as shown in Figure 10 .The driver model is built with the block of signal builder, the steering control strategy model is built with Stateflow based on the strategy proposed in part 3, and the vehicle dynamic model is built based on the dynamics analysis in part 1. The following mainly introduces the motor model and vehicle trajectory model.
Modeling and simulation

Steering control model of electric tracked vehicle
Motor model
Because the main point of this article is not the inner logic control of the motors, the motor model is established by experimental modeling method. The speed-torque relation of the motor is obtained by bench test, and the torque response is realized by look-up table module in Simulink [19] . At the same time, considering the response delay of the motor drive system, the output torque is added with a first-order lag link, and the final output torque T m is expressed as:
Where T req is the demand torque obtained by the control strategy, τ is the response time constant,T d max (n) and T b max (n) respectively represent the maximum drive torque and maximum braking torque of the motor when the motor speed is n.
Vehicle trajectory model
In order to describe the dynamic process of vehicle steering more accurately, a vehicle trajectory model is established [20] . As shown in Figure 2 , a fixed coordinate system Oxy is established on the ground, when the vehicle begins to turn, the center of mass is represented by O, and the transverse and longitudinal direction of the vehicle are respectively represented by the x axis and y axis. A dynamic coordinate system O x y is built on the vehicle body, when the vehicle is turning, the center of mass is represented by O , and the transverse and longitudinal direction of the vehicle are respectively represented by the x axis and y axis. The velocity components of V 0 along the x axis and y axis are V x and V y , they can be expressed as:
Assume that V x and V y represent the speed components of the vehicle in the coordinate system Oxy , and θ is the angle that the vehicle have turned during the time t, so there have this relation:
Assume that (x 0 , y 0 ) and (x(t), y(t)) represent the starting position and the vehicle position at t moment in the fixed coordinate system Oxy , respectively. The vehicle trajectory equation can be expressed as:
HILS Based on dSPACE
In order to evaluate the effectiveness of the torque fuzzy compensation control strategy, the HILS experiment based on driver and controller is carried out using dSPACE. With DSPACE, MATLAB/Simulink simulation models could be converted into C codes and run reliably [21] [22] . The schematic diagram of HILS platform is shown in Figure 11 . The driver controls the acceleration / brake pedal and the steering wheel to produce analog signals which are transmitted to the general controller. After reading the driver operation signal through the A/D interface, and receiving the motor model state signal of dSPACE through CAN bus, the general controller calculates the target torque of the bilateral motors in real time through the steering control strategy, and outputs the calculation results to dSPACE. According to the control command, the motor model, the tracked vehicle dynamics model and the vehicle trajectory model are run in the dSPACE, and the relevant parameters are displayed on the monitor. The host computer is used to modify, compile and download the internal model of dSPACE. The hardware of HILS platform is shown in Figure 12 . 
Test and result analysis
The simulation test is based on a certain type of electric tracked vehicle [23] , with parameters as: vehicle mass (m) is 18000kg, connection length of track (L) is 2.43m, center distance of the tracks (B) is 2.43m, wheel radius (r) is 0.4685m, rated power of each motor is 140KW, and rated torque of each motor is 1500N·m. In order to make the test result more applicable, the test is carried out under the typical condition of braking small radius steering.
The driver's operating signals are shown in Figure 13 . The acceleration pedal signal rises from 0 to 0.4 in 0∼1s, stays at 0.4 in 1∼4s, and stays at 0 in 4∼10s. The brake pedal signal rises from 0 to 0.3 in 4∼5s, and stays at 0.3 in 5∼10s. The steering wheel signal rises from 0 to 0.9 in 5∼6s, stays at 0.9 in 6∼7s, and declines from 0.9 to 0 in 7∼8s. It's known that the vehicle has experienced a braking small radius steering in 5∼8s, and in theory, the transient steering time, stable steering time and transient return time are both 1s .
The simulation is carried out under direct torque control strategy and torque fuzzy compensation control strategy respectively. The results are shown in Figure 14∼16 . Figure 14 shows the bilateral motor torque signal, it can be seen that the torque difference control could be achieved under either of the two strategies. When the steering wheel angle increases, with fuzzy compensation control strategy, the outside motor torque is larger and the inside motor torque is smaller. When the steering wheel angle decreases, with fuzzy compensation control strategy, the outside motor torque is smaller and the inside motor torque is larger. When the steering wheel angle is constant, the effects of the two control strategies are the same. Figure 15 shows the signals of the turning radius. As can been seen in Figure 13 , the vehicle receives the steering signal at 5s and receives the return signal at 7s. Under the direct torque control strategy, the vehicle enters the stable steering state at 7.41s, and enters the straight line state at 9.02s. The steady-state turning radius is 22m. The transient steering time is 2.41s, and the transient return time is 2.02s.
Under the torque fuzzy compensation control strategy, the vehicle enters the stable steering state at 6.27s, and enters the straight line state at 8.25s. The steady-state turning radius is also 22m. The transient steering time is 1.27s, which shortens 1.14s than the direct torque control strategy. The transient return time is 1.25s, which shortens 0.77s than the direct torque control strategy. Figure 16 shows that the vehicle can achieve smooth steering with either of these two strategies, and the steering trajectory is stable and controllable. But it can be seen that the steering position under torque fuzzy compensation control strategy is (0, 19.5), while the steering position under direct torque control strategy is (0, 20) . So when the vehicle receives steering signal, it can move into the steering state faster under the torque fuzzy compensation control strategy, which could better follow the driver's intention. 
Conclusion
In this paper, a steering control strategy based on bilateral torque fuzzy compensation for dual electric tracked vehicle was developed. In the proposed control strategy, the driver's operating signal was interpreted as the torque control signal for the two motors. In addition, according to the acceleration or braking state, using the steering wheel angle signal and its change rate signal, two double-input and double-output fuzzy controllers were designed to improve vehicle handling comfort and steering sensitivity. HILS platform based on Simulink and dSPACE was conducted, and the typical working condition of braking small radius steering was simulated. The results shown that by the torque fuzzy compensation control strategy, the vehicle could realize reliable steering, and could be better to follow the driver's driving intention. Compared with the direct torque control, the transient steering time and the transient return time were reduced by 1.14s and 0.77s respectively.
